Recent widespread interest in luminescence properties of porous silicon, 1,2 has led to efforts to investigate properties of other semiconductor-based porous materials such as porous SiC and GaAs. [3] [4] [5] [6] [7] The prospects of adoption of electronic, thermal, and optical properties of the bulk semiconductors by the corresponding high surface area porous structures, provides application possibilities in optics, sensor technology, and electronics. The advantageous electronic properties of GaAs compared to silicon have led to its use in high-speed diodes and field effect transistors and circuits. Furthermore, anodization of GaAs results in formation of porous layers that luminesce in the visible, at higher photon energies than porous silicon. 8, 9 Hence, development of nondestructive tools for optical and microstructural characterization of porous GaAs and its aging is of importance. Variable angle of incidence infrared spectroscopic ellipsometry (IRSE), being intrinsically sensitive to the presence of thin films, has advantages compared with the more traditional reflectance spectroscopy. For example and imaginary parts of the dielectric function of the material can be determined simultaneously without need for additional measurements on a reference sample or employment of the Kramers-Kronig relation requiring extrapolation of experimental data beyond the measurement range. IRSE has been shown to be effective for characterization of porous silicon and porous SiC. 3, 10 In this work, infrared optical properties of freshly prepared and aged porous GaAs formed in highly degenerate p-type GaAs are investigated. Optical properties of bulk material are compared with the solid phase of the porous material.
Porous GaAs samples were prepared using p-type, Zndoped, wafers with (100) crystal orientation. Highly degenerate wafers were used to obtain uniform porous layers. 5 Wafers were obtained from Materials Technology International (MTI) Corporation. Electrochemical etching was performed in a mixture of HCl, water, and ethanol (volume ratio 2:2:6). A Teflon coated magnet stirred the etch solution to maintain uniform distribution of HCl. Current densities were in the range 30-50 mA/cm 2 . Etching times were in the range of 15-120 s. Current density and etching time used for the representative sample discussed here were 30 mA/cm 2 and 120 s, respectively. Prior to etching, samples were suspended vertically in the etch solution for 3 min to remove the native oxide. The counter-electrode was a platinum plate positioned about 5 cm from the GaAs sample. After anodization, samples were placed in ethanol for 10 min and finally blown dry in nitrogen. Ellipsometry measurements at room temperature in the 250-2000 cm cm −1 range, with 2 cm cm −1 resolution, were carried out using a commercially available variable angle IRSE, using three angles of incidence of 50°, 60°, and 70°. Aging properties of samples were investigated by measurements on the same spot on the samples, with 10-day intervals.
The measured quantity in ellipsometry 11 is the complex reflectance ratio, is expressed as 12 Optical characteristics of p-type GaAs are complicated by penetration of the Fermi level into nondegenerate valence bands, providing contributions from heavy holes as well as light holes. [13] [14] [15] Hence, partial filling and nondegeneracy of the valence bands require consideration of both carrier types. Optical properties of the p-type GaAs substrates and the solid phase in terms of the dielectric function is modeled using the following expression: 15, 16 
where ϱ is the high-frequency dielectric function limit. The second term in Eq. (2) represents the lattice contribution of bulk crystalline GaAs, where ␥ B , TOB , and LOB are the phonon damping and infrared (IR)-active transverse-optical (TO) and longitudinal-optical (LO) phonon frequencies, respectively. The third and fourth terms in Eq. (2) are the Drude expressions, which are introduced to take into consideration effects of the multicomponent free carrier plasma, i.e., heavy holes (hh) and light holes (lh) in the highly degenerate semiconductor. Note that the screened plasmon frequencies ( plh,hh ) and the plasmon broadening parameters (⌫ lh,hh ) are related to the carrier concentrations and carrier mobilities. 15 The last term in Eq. (2) is a series of oscillators, which are similar to the second term of the equation, and are used here for modeling the IR resonance absorptions related to chemical signatures associated with aged porous GaAs. Note that the depleted surface layer caused by Fermi level pinning to mid-band-gap surface states is not considered in the analysis of bulk GaAs due to negligible changes of the polarization state of the reflected light by the very thin depletion layer in the highly doped samples studied here. 14, 15, 17 The Bruggeman effective medium approximation 18 (EMA) is used to calculate the effective dielectric function ⑀ eff of the solid phase as well as thickness and porosity of the porous layers.
Characterization of the freshly prepared sample is realized using a two-constituent EMA layer, where the dielectric function of the solid phase is initially chosen to be identical with the dielectric function of crystalline GaAs. Hence, the optical model can be schematically represented as GaAs substrate//EMA (solid phase + void)//ambient. The Drude terms of Eq. (2) did not contribute to the fit, indicating that the solid phase of porous material is depleted of carriers. Thus, parameter values corresponding to the first and second terms of Eq. (2) are used during the first step of the analysis. Agreement between the model generated and experimental data, assuming the solid phase is carrier depleted crystalline GaAs, is shown in Fig. 1 . For clarity the result is shown only for one angle of incidence and in the spectral range 250-500 cm −1 . Note that the misfit below approximately 300 cm −1 is related to the difference between optical properties of the solid phase and crystalline GaAs. The minimum in the model generated data, situated below the LO phonon frequency of crystalline GaAs at 291.5 cm −1 , is related to the Berreman effect described elsewhere. 19, 20 However, the measured Berreman signature is red-shifted by 12.2 cm −1 as compared with the position predicted by the initial model. It must be mentioned that we have also observed a similar red-shift of the LO phonon frequency using Raman spectroscopy. The red-shift is therefore taken into consideration in the analysis of porous GaAs IRSE data. In other words, the solid phase is represented using ⑀ϱ ‫ס‬ 10.52, TOB ‫ס‬ 267.4 cm . The data generated (-----) using a model assuming carrier depleted crystalline GaAs as the solid phase are also shown. The Berreman signatures are marked in the figure. lower density of bonds per volume in the solid phase. This phenomenon is related to deviations from perfect crystallinity of the solid phase due to its amorphization and/or salt formation caused by the anodization process. 5−7 Using the mentioned parameter values, the best fit parameter values for thickness and porosity of the porous GaAs sample were found to be 179.9 nm and 70.4%, respectively. The agreement between data generated using the final model and experimental data is shown in Figs. 1 and 2 .
In Fig. 2 optical response of the as-prepared porous GaAs sample is compared with its response after one month. Note the appearance of several infrared active vibration modes in the aged sample. Optical properties of the aged sample did not change significantly after one month and reached a stable state. The optical model for characterization of the aged sample can be represented as GaAs substrate//EMA (solid phase + void)//ambient, where the first and the last terms of Eq. (2) determine the dielectric function of the solid phase. Four major vibration modes (labeled in Figs. 2 and 3 ) are identified and modeled along with the thickness and porosity of the aged porous GaAs sample. The final parameter values and the corresponding confidence intervals are shown in Table I . Although, the number of variables in the model is large, parameter correlation problems are avoided because the observed bands are spectrally local, and from the low confidence limits. In the next step the previously determined parameters are kept constant and the model is assumed to provide an accurate baseline for fine structure analyses of the first and second bands. ) is characterized. Agreement between the measured and model generated ellipsometry data of the aged sample is illustrated in Fig. 2 . The real part of the dielectric function of the solid phase of the aged sample is shown in Fig. 3 and 4 . Using crystalline GaAs as a third constituent in the optical model provided evidence for total oxidation of the solid phase of the freshly prepared sample after about one month. It indicates the crystallites size is less than twice the thickness of native oxide layers (∼20 Å) encountered on surfaces of bulk GaAs. The thickness and porosity of the aged sample are considerably increased compared with the freshly prepared sample. This increase is related to volume expansion of the material caused by oxidation. TABLE I. Best fit parameters including 90% confidence intervals obtained using the first and fifth terms of Eq. (2). ⑀ ϱ ‫ס‬ 2.9 is used in the analysis of the solid phase of the aged porous GaAs sample. Thickness and porosity of the aged sample were 539 ± 4 nm and 82.8 ± 0.1%, respectively. The resonance numbers are given in the parentheses. 
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The dielectric function of the solid phase of the aged sample (Fig. 3) 21 It is likely that the 1B, 2B, and 3B bands are related to amorphous As 2 O 3 . It should be noted that four relatively weaker bands centered at about 305, 550, 610, and 1105 cm −1 could also be observed in the spectrum of the sample after ten days. The first two bands were most probably related to amorphous Ga 2 O 3 . 21 These bands became weaker and broadened with time and were therefore not included in analyses of the one-month-old sample. The changes seem to agree with the previously reported crystallization of amorphous As 2 O 3 where the bands at about 625 and 810 cm −1 disappear and grow, respectively, after a sufficiently long storage time. 21, 22 It is likely that the solid phase of the aged sample contains amorphous and crystalline As 2 O 3 as well as amorphous Ga 2 O 3 . However, other species such as GaAsO 3 and GaAsO 4 may be present. 23 Note that differences in compositional and morphological nature of the solid phase compared with bulk As 2 O 3 may explain the observed shifts in center frequencies. For further information concerning different vibration modes of different phases of As 2 O 3 refer to Refs. 24 and 25. ⑀ϱ ‫ס‬ 2.9 is used in analysis of the solid phase, which is between the values 2.8 and 3.08 used by Palik et al. 21 for characterization of arsenloite. As also discussed in Ref. 21 , using ⑀ ϱ ‫ס‬ 2.8 and ⑀ ϱ ‫ס‬ 3.08 does not change the parameters in Table I by more than one percent. For example, ⑀ ‫ס‬ 2.8 results in thickness and porosity values 0.03% and 0.75% lower than the parameter values presented in the table. Furthermore, a least square fit of ⑀ ϱ does not improve the fit appreciably. As a consequence, this parameter was kept fixed during the entire analysis. ⑀ϱ ‫ס‬ 2.9 is the value Palik et al. 21 have used to characterize amorphous As 2 O 3 .
In conclusion, optical properties of solid phase of the freshly prepared sample deviated from crystalline GaAs in a lower TO-LO splitting. The phenomenon attributed to partial amorphization of the solid phase. A total oxidation of the solid phase resulted in considerable volume and thickness expansion. The oxidized solid phase contained arsenolite, amorphous 
